Time-gated ballistic-photon imaging is a form of shadowgraphy in which an ultrashort, optical-Kerreffect (order 2 ps) time gate is used to enhance the relative intensity of ballistic versus multiply scattered photons. In the current work, this technique is adapted for what is believed to be the first time for use in the moderately dense environment (optical density ∼1:5 to 2) of a high-speed 5 to 15mm diameter rocket spray to improve image contrast and observe liquid-breakup phenomena. Unlike coherence gating, which is another form of ballistic imaging, the time-gating approach allows sufficient signal levels from ballistic and near-ballistic photons to enable time-resolved single-shot imaging. Direct comparisons with non-time-gated shadowgraphy indicate that the two techniques are sensitive to different features of the flowfield, with regions composed of a dense field of droplets being highly attenuated in conventional shadowgrams but appearing transparent to ballistic photons. This enables significant image contrast enhancement (∼6:6∶1) of liquid-core structures and facilitates improved understanding of the primary and secondary breakup processes in sprays of moderate optical density. 
Introduction
Complete and efficient combustion of propellants within a rocket combustion chamber is strongly dependent on fuel-oxidizer mixture preparation, and in particular on rapid liquid breakup and atomization. Unfortunately, liquid rocket sprays operate under optically dense conditions and are difficult to study with conventional visualization techniques. Hence, the relatively complex transition from liquidcore breakup to droplet formation in rocket sprays is not well understood. In past studies these sprays have been investigated in extreme environments using Raman spectroscopy, schlieren imaging, laser-induced fluorescence, laser Doppler velocimetry, and shadowgraphy [1] [2] [3] , but these experiments have not been able to reveal internal structure accurately. A promising approach that may allow imaging of internal structures in rocket sprays involves the use of synchrotron x-ray radiography with a fast xray detector [4, 5] . In addition to being limited to synchrotron facilities and a customized x-ray imager, it may be difficult to use this technique to differentiate liquid structures from dense atomizing regions because x-ray absorption does not discriminate between droplets and liquid-core structures. When absorption from the droplet field competes with absorption from liquid-core structures, it becomes difficult to extract information on liquid-core breakup, even with single-shot x-ray radiography. There is a need, therefore, for additional optical imaging techniques that can provide insight into the manner in which liquid propellants propagate, breakup, and atomize. Such techniques must be capable of penetrating dense rocket sprays to enable greater physical understanding and validation of numerical models.
Time-gated ballistic-photon imaging is a form of optical shadowgraphy that employs an ultrafast, amplified laser source and an ultrashort optical-Kerreffect (OKE) time gate to suppress multiply scattered photons and improve the visualization of liquid-core breakup in optically dense sprays. Typically referred to simply as ballistic imaging, it relies on the fact that photons propagating straight through an atomized spray without undergoing significant scattering from droplets will exit the spray slightly earlier than multiply scattered photons that undergo multiple scattering events [6] [7] [8] [9] [10] [11] . The approximate time spread of ballistic versus multiply scattered photons in sprays can be of the order of several picoseconds depending on the optical density (OD) and path length [12] . Hence, the imaging beam is ideally an ultrashort (order 100 fs) laser pulse, which can also be used to activate an OKE time gate for photon discrimination [13, 14] .
Ballistic imaging encompasses other means of discriminating against multiply scattered light, and the use of ballistic photons has proved effective for imaging a variety of dense media such as tissues and other materials [15] [16] [17] [18] . Ultrafast time gating as a means of photon discrimination shows significant promise for the dense-spray environment for several reasons. Coherence gating typically prohibits the utilization of near-ballistic photons, which are necessary for achieving signal levels sufficient for singleshot imaging. Spatial or polarization gating, on the other hand, allows much of the multiply scattered light to reach the detector and only marginally improve image contrast in dense sprays. Time gating provides an effective compromise by allowing sufficient ballistic and near-ballistic photons to reach the detector while blocking much of the multiply scattered photons that would obscure internal features.
More recently, time-gated ballistic imaging has been implemented for studies of high-pressure diesel sprays and liquid jets in gaseous crossflow [6] [7] [8] [9] . However, significant questions remain regarding the benefits of utilizing this technique over traditional shadowgraphy, and appropriate conditions for the use of time gating have not been well characterized. Evaluating the relative effectiveness of time gating is important for weighing the corresponding increase in complexity and cost required to implement a ballistic-imaging system [10] . The goals of the current work are (1) to demonstrate the use of time-gated ballistic imaging for the rocket-spray environment and (2) to address the need for direct comparisons between time-gated ballistic imaging and traditional shadowgraphy in an atomizing spray with moderate OD (∼1:5 to 2 on a log 10 scale). It is of interest to determine if time gating can be used to reveal internal structures that would otherwise be blurred by multiply scattered photons. It will be shown that this is, in fact, the case for the current conditions. Images acquired using ballistic imaging are compared with non-time-gated shadowgrams collected using ultrafast and continuous-wave laser sources. Operating conditions such as liquid and gaseous flow rates are varied to highlight changes in spray structure that may or may not be visible with these techniques.
Experimental Setup
The experimental setup for ballistic imaging, shown in Fig. 1 , includes a number of improvements to a similar layout used previously for diesel sprays and liquid jets in gaseous crossflow [6] [7] [8] [9] . The optical train in the current work is designed to reduce the overall footprint and significantly improve ease of alignment for the rocket-spray environment. It includes a compact, 80 fs Ti:sapphire regenerative amplifier with a 1 kHz repetition rate. The laser output of the amplifier is divided into a 0:15 mJ=pulse imaging beam (solid line) and a 0:90 mJ=pulse gating beam (dashed line). The former is used to form a shadowgram of the spray, while the latter is utilized to activate the ultrafast OKE time gate. Use of a wave plate and thin-film polarizer for beam splitting allows the energy of the imaging beam to be varied continuously to maximize signal levels under different ODs while avoiding optical breakdown.
In previous work, the imaging beam was downcollimated for use with submillimeter-sized sprays. For the case of rocket sprays, a 1∶4 upcollimating lens pair is used to increase the viewing area fourfold to 16 mm × 16 mm while allowing a beam size sufficient to overfill the 1024 × 1024 pixel, 16 bit intensified charge-coupled device (ICCD) camera and improve signal uniformity. Pixel binning was not employed. To reduce lens aberrations, simplify alignment, and avoid possible birefringence in the OKE gate, the number of lenses in the imaging beam path between the spray and the ICCD camera is reduced to a single, plano-convex 500 mm lens placed 1 m from the spray. This singlet lens is used to relay the image spray, reduce the imaging beam diameter in the OKE time gate, and allow soft spatial filtering. The spatial filter consists of an ∼1 mm diameter clear aperture iris and effectively blocks forward scatter of photons from the gating beam to the ICCD camera. Unlike previous work, the imaging screen and camera lens are removed to allow the time-gated shadowgram to be imaged directly into the ICCD camera for increased signal-to-noise ratio.
The OKE gate consists of a cell of carbon disulfide (CS 2 ) placed between crossed Glan polarizers with an extinction ratio of 10 5 . When interacting with the ∼80 fs gating beam, the Kerr-active CS 2 rotates the linearly polarized imaging beam and allows it to pass through the second polarizer. The gating beam is ∼6 mm and overfills the imaging beam in the CS 2 cell to ensure uniform time gating across the image. Because the crossed Glan polarizers have a finite extinction ratio, leakage through the OKE gate can add a non-time-gated signal that changes from shot to shot in the ballistic images. Hence, the intensity of the imaging beam is reduced such that leakage through the OKE gate results in a signal variation of less than 1% of the time-gated signal. In this work the imaging-beam path length is fixed while the gating-beam path is varied using a physical delay stage. Prior to each experiment, the arrival time of the gating pulse is varied with respect to the imaging pulse to optimize the rejection of multiple scattering that has broadened in time up to ∼8 ps for the current conditions. The approximate temporal broadening is estimated by observing the relative transmission of ballistic photons while varying the time delay of the gating beam with the translation stage.
The optical setup for non-time-gated shadowgraphy is nearly identical to that described above to enable direct comparisons with ballistic imaging and isolate the effects of time gating. Two laser sources are used for non-time-gated shadowgraphy, including the 80 fs Ti:sapphire amplifier described previously, as well as a continuous-wave, vertically polarized, 14 mW He-Ne laser operating at 633 nm. The latter is used for comparisons with classical shadowgraphy and to check for possible ultrafast laser-matter interactions that may occur in the spray. To eliminate the OKE time gate, the crossed Glan polarizers, shown previously in Fig. 1 , are removed while leaving the rest of the imaging path unchanged. In the case of the He-Ne laser source, the beam is initially upcollimated and coupled into the imaging beam path just prior to the 1∶4 telescope pictured in Fig. 1 so that the final beam diameter is similar to that of the ultrafast imaging pulse. Additional optical configurations are also implemented to assess the possible effects of polarization gating and spatial filtering, as described further in the results and discussion.
All images of the spray begin at the exit plane of the nozzle to enable studies of liquid-core breakup and atomization. After background subtraction with a dark image, each data set is normalized using a "blank" image without the spray. This procedure is important for removing nonuniformities in the laser beam as well as the OKE time gate (in the case of ballistic imaging). Image normalization is also necessary to enable quantitative comparisons between data sets with varying laser energy. For example, the OKE time gate reduces the available laser energy by about a factor of three as compared with non-timegated shadowgraphy. A set of 96 images is collected for each flow condition to enable statistical analyses, such as ensemble means and probability density functions (PDFs). Ensemble means represent the average normalized signal for the full ensemble of images collected at a particular point in the flow, while PDFs represent histograms collected for the same point in the flow, normalized such that the area under each PDF is unity. Since the signal is normalized to the reference light intensity, the OD is found from OD ¼ −log 10 (normalized signal).
A schematic of the rocket-nozzle geometry used for testing the ballistic-imaging system is shown in Fig. 2 . The nozzle is based on a gas-centered swirlcoaxial injector configuration [19] . Liquid is metered using a 4 liter per minute (lpm) rotameter with AE3% full-scale accuracy. After filling a coannular chamber along the outer diameter of the nozzle, the liquid is injected via four small passages into an internal cavity along the inner diameter of the nozzle. As shown in Fig. 2 , these supply holes are tangent to the cavity to help ensure that a liquid film forms along the interior wall. Air metered by a 600 lpm rotameter with AE2% full-scale accuracy flows through the center of the nozzle and forces the liquid layer along the wall to exit the nozzle nominally as a hollow cone into an atmospheric-pressure dump chamber. The liquid sheet begins to break up at the exit lip of the injector and to form droplets primarily within the interior of the spray. The cone angle is dependent upon the relative liquid-to-air momentum ratio, with 
Air from a compressor is used to deliver flow rates of 170 to 566 lpm. Data in this study are collected for a rocket nozzle of 5:4 mm exit diameter, except where noted.
Results and Discussion
The discussion of results begins with an analysis of the spray pattern observed using ballistic imaging. Various features of the flow are identified for different liquid flow rates, and the ability of non-timegated shadowgraphy to distinguish similar features is then discussed. Images and statistical data at different spatial locations and for a higher air flow are then presented. Finally, shadowgrams collected using a continuous-wave laser are discussed and compared with ballistic images and with shadowgrams acquired using the ultrafast laser.
A series of single-shot ballistic images just below the exit of the rocket injector for a variety of flow conditions is shown in Fig. 3 . PDFs from an ensemble of 96 images collected for each condition are also shown in Fig. 3 for an interrogation point that is ∼2 nozzle diameters downstream of the nozzle exit plane. The air flow rate is fixed at 227 lpm, and the water flow rate increases from 0:76 lpm to 2:65 lpm from left to right. While the spray pattern at each flow condition varies from shot to shot, the images in Fig. 3 are fairly typical and provide an accurate representation of changes in the global spray structure as a function of flow condition. At the lowest flow rate of 0:76 lpm, the spray shown in Fig. 3(a) has a nonuniform distribution with the appearance of liquid columns on the exterior of the spray. It is not clear whether the liquid columns are composed of a highly dense field of droplets along the line of sight or continuous liquid structures. However, it is clear that these regions have significantly greater liquid mass fraction than other regions of the spray, and evidence indicating that they are composed of coherent liquid structures will be presented further in this discussion. The PDF at the interrogation region shown in Fig. 3(a) for this condition is somewhat Gaussian, and the ensemble average or statistical mean of 0.67 is close to the peak of the PDF at a normalized signal of 0.725. The fact that the peak probability is close to the statistical mean is indicative of the fairly symmetric PDF distribution and suggests that spray structures passing through the interrogation region are fairly random at this point in the flow for this flow condition.
At increased liquid flow rates of 1.14 to 1:89 lpm in Figs. 3(b)-3(d) , there is an increase in the occurrence of thin, elongated columns of liquid mass that span nearly the entire length of the image. These structures propagate into the interrogation region, leading to an increased probability of observing lower signal intensities. Hence, the PDFs shown in Fig. 3  (b)-3(d) become increasingly asymmetric and shift to lower values at higher flow rates because of significant light attenuation occurring with the passage of dense liquid structures. The appearance of significant light transmission between these columns suggests that the liquid structures are quite organized. Moreover, the fact that they are quite thin and form striations across the flow significantly reduces the possibility that they span the line of sight. It is more likely, given the round geometry of the nozzle and the nonuniform liquid injection holes shown in Fig. 2 , that these liquid columns are residual liquid-core structures at various stages of primary and secondary breakup emanating from the nonuniform liquid film distribution within the spray nozzle. As will be discussed later in this section, this hypothesis is tested by rotating the spray nozzle and observing that the spray pattern rotates with the orientation of the liquid injection holes within the nozzle.
At 2.27 and 2:65 lpm, shown in Figs. 3(e) and 3(f), the location of liquid-core breakup moves further downstream as the liquid-to-air momentum ratio increases. This leads to the appearance of two distinct regions of the flow, including an initial region of high OD near the injector exit followed by a region with a sudden increase in cone angle. The latter region in Figs. 3(e) and 3(f) continues to exhibit liquid strands that provide further evidence that the spray retains a "memory" of the liquid injection hole pattern in the body of the injector (see Fig. 2 ). The increased level of asymmetry in the PDFs with increased flowrate, as shown from Fig. 3(a)-3(f) , reflects a change in spray behavior at the interrogation region from one that is dominated by intermediate-scale, randomly occurring structures passing through the region to a spray pattern dominated by large-scale organized structures.
Similar trends described from the ballistic-imaging data are also present in the non-time-gated shadowgrams of Fig. 4 , although the internal spray structure is less clear. As described earlier, these shadowgrams are collected without a time gate so that the signal is composed of ballistic photons as well as multiply scattered photons. Once normalized with a "blank" image, the resulting shadowgrams have a higher, more uniform OD. This dark appearance is accompanied by PDFs with much narrower intensity distributions, presumably because the signals are more consistently attenuated regardless of the state of atomization. In contrast, images collected with the OKE time gate are composed preferentially of ballistic photons, which are not scattered by the dense spray. After normalization, this time gating results in a lower apparent OD in regions of the spray composed mostly of small droplets. As a measure of contrast ratio, peak signals within apparent gaps in the spray compared with regions consisting of liquid-core structures are about 10∶1 in ballistic images and about 3∶2 in non-time-gated shadowgrams. The overall effect of ballistic imaging, therefore, is the ability to show higher apparent beam penetration in dense, atomized regions of the spray, with an image contrast enhancement of ∼6:6∶1. This allows improved characterization of highly heterogeneous polydisperse sprays. The significant increase in image contrast for the moderately dense environment (OD ∼1:5 to 2.0) studied here may be attributable to the relatively large spatial extent of the droplet field, which increases the time of flight for multiply scattered photons and enhances the ability to isolate ballistic and snake photons.
Furthermore, it is possible to deduce the state of atomization more accurately by comparing data with and without the OKE time gate. The regions of the spray that appear to contain no liquid matter in the ballistic images of Fig. 3 show the appearance of liquid matter in the shadowgrams of Fig. 4 . These regions are likely composed of small, atomized droplets that cause multiple droplet scattering. In contrast, regions in which light is blocked in both Figs. 3 and 4 indicate the presence of organized large-scale structures along which primary and secondary atomization are taking place. These organized structures can extend up to 2 nozzle diameters downstream, with a growing droplet field interspersed among liquid-core structures. Regions filled with atomized droplets seem to occur primarily in the interior of the spray, so it is possible from this analysis to surmise that liquid sheets and strands form the exterior boundary of the spray cone and that significant levels of atomization occur within the interior where the air flow is highest. Figure 5 , in which the statistical mean and standard deviation of the signals are plotted versus liquid flow rate at the interrogation region corresponding to that of Fig. 3(c) , helps to illustrate the increased sensitivity of ballistic imaging to the heterogeneous nature of the spray. The statistical mean and standard deviation of signal intensities for the ballistic images are much higher than those of the non-time-gated shadowgrams. While the trends are similar for both techniques, the relative change of signal intensity and standard deviation is greater for the ballistic images. The shot-to-shot standard deviation of normalized images in Fig. 5(b) increases as flow rate increases, which indicates that the relative signal contrast or frequency of occurrence between organized liquid structures and regions composed of smaller droplets is increasing. The shot-to-shot standard deviation reaches a peak and begins to drop at higher flowrates as the increased presence of organized liquid structures reduces the frequency of voids within the spray.
The increased sensitivity of ballistic imaging to liquid structures in the presence of a scattering droplet field allows a more definitive description of the relationship between the liquid injection hole pattern within the nozzle and the spray characteristics. It was noted earlier in the discussion of Fig. 3 that the spray appears to have a memory of this hole pattern for certain flow conditions, although the exact nature of the long, dark strands in the images was not known. To shed further light on the origin of the liquid structures shown in Fig. 3 , the orientation of the injector was rotated, as shown in Fig. 6 . If the liquid structures emanate from nonuniformities induced by the finite number of liquid injection holes in the spray nozzle, one can expect to see two long liquid strands for the orientation on the left image and three for the orientation on the right image. This is, in fact, what is observed in the ballistic images for a liquid-injection flow rate of 1:14 lpm and a 7:6 mm exit diameter. These data underscore the need for further studies of the interior nozzle flow and corresponding primary breakup process in the near field of the nozzle [20] . As shown earlier, it would be difficult to make this conclusion based on shadowgrams because of the high OD and low image contrast.
Of final interest in this study is the relative effect of various gating mechanisms that might enhance contrast. Adjustments to the optical system were implemented to test for the relative contributions of spatial and polarization gating. For example, measurements were made with and without the first polarizer in the OKE gate. Tests with this configuration showed that polarization gating had no measurable effect on the images. Tests were also performed with and without the soft spatial filter within the OKE time gate and confirmed that spatial filtering did not have a significant effect on the apparent light penetration through the spray. The effect of laser pulse width was also tested by blocking the ultrafast laser source and inserting a 14 mW, continuous-wave HeNe laser into the same optical path just upstream of the beam expanding telescope. Sufficient signal intensity was achieved for a signal-to-noise ratio of 60∶1. As shown in Fig. 7 , features and interfaces as small as 50 to 75 μm are distinguishable on the exterior of the spray when using this light source. Nonetheless, the images do not show any of the millimeter-scale interior features revealed in the ballistic images for the corresponding flow condition shown in Fig. 3(c) . It is also possible to conclude from signal variations within images in Figs. 4(c) and 7 that the continuous-wave laser source does not enhance image contrast as compared with the ultrafast laser source when time gating is not employed. In fact, a drop in normalized signal intensity, which is partially attributable to differences in laser wavelength and the effects of pulse width on scattering interfer- 
